Introduction {#sec1}
============

Nanoparticles (NPs) generally defined as the particles ranging in size between 1 and 100 nm with multiple properties such as an extremely high surface-to-volume ratio, and specific surface area^[@ref1],[@ref2]^ NPs are being used in areas like agriculture, biomedical, pharmaceuticals, electronics, defense, and aerospace industries.^[@ref3]−[@ref5]^ Among NPs, the production of metal and metal oxide NPs (MONPs) due to their wide range of end uses are likely to enhance their probability to enter the environment during the production, use, and disposal. The NPs emerging from sources like industries, sewage wastes, wastewater treatment plants, tannery effluents, and other metal discharging industries are the major cause of nanopollution that adds considerable amounts of NPs to the terrestrial environment.^[@ref6],[@ref7]^ As per one estimate, up to 28% of total NPs production is expected to enter into terrestrial soils.^[@ref8]^ For instance, the consumption of silver (Ag) NPs and zinc oxide (ZnO) NPs in Europe per capita and their release has been significant, which is broadly distributed in the European territory.^[@ref9]^ Additionally, NPs are rendered susceptible to environmental conditions when released and can alter their oxidation state, aggregation, precipitation, etc.^[@ref10]^ There are, however, serious concerns over the use of NPs due to their deleterious but variable impact on environmental sustainability.^[@ref11],[@ref12]^ Following deposition in soils, NPs either alone or synergistically affect the composition and functions of soil microbiota,^[@ref13],[@ref14]^ the fertility of soils,^[@ref15]^ and via food chain, they affect human health.^[@ref16]^

Soil microorganisms play key roles in immobilization/cycling of nutrients/carbon and detoxification/degradation of contaminants, leading eventually to enhanced soil health.^[@ref17]^ Among variously distributed heterotrophic microflora, bacterial populations belonging to different species form about 15% of the total microbial populations^[@ref18]^ and directly or indirectly improve the plant growth.^[@ref19]^ The NPs are reported to inhibit bacterial growth^[@ref20]^ due to the release of metal ions from NPs^[@ref21]^ and manifest toxicity via generation of reactive oxygen species (ROS), such as superoxide anions.^[@ref22]^ Given the importance of plant growth-promoting rhizobacteria (PGPR) to plant health, the interactions of NPs-PGPR are crucial.^[@ref23]^ Similar to the other xenobiotics, the negative effect of NPs on soil beneficial microbes is gradually increasing and still not well understood. In this regard, the direct entry of Fe-NPs and TiO~2~-NPs used in environmental remediation and water treatment has been found to inhibit and stimulate the growth of target organisms,^[@ref24],[@ref25]^ whereas at the same doses, Fe-NPs and TiO~2~-NPs also exert toxicity to nontarget microbes and other biological entities. On the contrary, nanozerovalent iron exerted only adverse effects on soil microorganisms.^[@ref26]^ Hence, both the composition and functional competence of PGPR remain always under NP threat. The destructive impact of NPs on beneficial microbes could be due to one or simultaneous mechanisms, which include (i) alterations in cell surface morphology and growth behavior,^[@ref20]^ (ii) cell membrane disruption,^[@ref27]^ (iii) lipid peroxidation due to oxidative phosphorylation,^[@ref28]^ (iv) destruction of enzyme activity,^[@ref29]^ and (v) denaturation of proteins.^[@ref30]^ The toxicity of NPs to composition and functions of various organisms, however, differs with chemical composition, size, shape, surface charge, concentration, and period of exposure. Due to these, the assessment of NP--bacteria interactions vis-à-vis ecological balance becomes imperative.^[@ref31],[@ref32]^ In this context, very few attempts have been made to assess the biological, cytotoxic, and genotoxic impacts of NPs in controlled laboratory conditions and in soil on beneficial soil microflora. Furthermore, the knowledge on the adverse impacts of NPs on soil inhabitants is still limited. Considering the fact that NPs are discharged in the soil environment through various routes without proper treatment and their biological functions are completely different, it is reasonable to expect that the impact of NPs on the performance of soil bacteria and the bacteria--plant association will also differ while deposited in soils. To find ways as to how such threatening impacts of NPs can be curtailed, the present studies were designed to investigate (i) sensitivity of bacterial species toward various NPs, (ii) cellular respiration and membrane permeability, (iii) surface adsorption of NPs, cell topography, and morphology, (iv) fluorescence-based detection of cell death, (v) exopolysaccharide (EPS) production, (vi) bacterial growth under NP stress, (vii) superoxide and indole-3-acetic acid (IAA) production, and (viii) infrared (IR)-based detection of NP interaction with bacterial biomass.

Results {#sec2}
=======

Phenotypic Characterization of Bacterial Strains {#sec2.1}
------------------------------------------------

The strains of *Azotobacter chroococcum*, *Pseudomonas mosselii*, and *Sinorhizobium meliloti* were Gram-negative and rod-shaped, while *Bacillus thuringiensis* was found as Gram-positive with long rods ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). Each bacterial strain having varying morphological features ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) produced different pigments when grown in their specific medium.

###### Morphological Characteristics of Reference Bacterial Strains

                       colony characteristics                                 
  -------------------- ------------------------ ----------- ------- --------- ------------------------------------------
   *B. thuringiensis*  white                    irregular   6.8     wavy      nutrient agar
     *P. mosselii*     creamy white             circular    1.15    smooth    nutrient agar
     *S. meliloti*     light pink               round       1.26    regular   YEM agar[a](#t1fn1){ref-type="table-fn"}
    *A. chroococcum*   dark brown               irregular   10.27   wavy      AM agar[b](#t1fn2){ref-type="table-fn"}

YEM, yeast extract mannitol

AM, Ashby's mannitol

Bacterial Population and NP Tolerance/Sensitivity {#sec2.2}
-------------------------------------------------

The strains of *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum* when grown in a culture-specific medium treated with various concentrations (62.5--1500 μg mL^--1^) of Ag, ZnO, CuO, Al~2~O~3~, and TiO~2~ showed differential resistance/sensitivity behavior. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of Ag and ZnO-NPs against *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum* are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. Among the NPs, CuO, Al~2~O~3~, and TiO~2~ were found ineffective against bacterial strains even beyond the highest concentration (3000 μg mL^--1^). The loss of bacterial cell viability was visible only at 62.5--1500 μg mL^--1^ Ag-NPs and ZnO-NPs. The number of viable cells expressed as a colony-forming unit (CFU mL^--1^) and as a function of Ag-NP and ZnO-NP concentration for *B. thuringiensis* ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), *P. mosselii* ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), *S. meliloti* ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), and *A. chroococcum* ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)) was variable. The cell viability decreased consistently with increasing concentration of Ag-NPs and ZnO-NPs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The number of cells was found lowest at the corresponding MIC, which however was completely lost at MBC.

![Concentration-dependent inhibition of bacterial cell viability by NPs. Curves show a decrease in the number of colony-forming units by (A) Ag-NPs and (B) ZnO-NPs.](ao9b04084_0012){#fig1}

###### MIC and MBC of Ag-NPs and ZnO-NPs against Beneficial Soil Bacteria

                       NPs (μg mL^--1^)                 
  -------------------- ------------------ ------ ------ ------
  *B. thuringiensis*   1000               1500   1000   1500
  *P. mosselii*        500                1000   500    1000
  *S. meliloti*        250                500    500    1000
  *A. chroococcum*     500                1000   250    500

Measurement of Secondary Size and Ion Release Dynamics {#sec2.3}
------------------------------------------------------

NPs of Ag and ZnO that were found to adversely affect the growth of test bacterial strains were analyzed for time-dependent (0--24 h) changes in secondary size and metal ion dissolution from NPs. The data revealed that size of both the NPs in nutrient broth solution increased in a time-dependent manner ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). The secondary or hydrodynamic size of Ag-NPs increased from 244 (*t*~0~ = 0 h) to 297 nm (*t*~0~ = 24 h), while the size increase of ZnO-NPs was even more compared to Ag-NPs, i.e., 323 (*t*~0~ = 0 h) to 352 nm (*t*~0~ = 24 h). However, ionic release from Ag-NPs was greater than ZnO-NPs at each time interval ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)).

Measurement of Cellular Respiration under NP Stress {#sec2.4}
---------------------------------------------------

The inhibition of cellular metabolism in terms of dehydrogenase activity was confirmed by the visible red color formation in untreated cells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). In contrast, the cell metabolic activity of all four bacterial strains was significantly reduced with increasing concentrations of Ag-NPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) and ZnO-NPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). In general, the reduction in absorbance (λ~max~ = 450 nm) and hence loss of cellular respiration by both Ag-NPs and ZnO-NPs were found maximum at the highest test concentration of each NP.

![Inhibition of cellular respiration of *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum* exposed to 62.5--1000 μg mL^--1^ each of Ag-NPs and ZnO-NPs. (A) Decrease in red color intensity in microtiter wells represents the loss of metabolic activity of bacterial cells. (B, C) Spectrophotometric measurement of red colored formazan.](ao9b04084_0011){#fig2}

Production of IAA under Stress {#sec2.5}
------------------------------

Among untreated bacteria, *P. mosselii* produced a maximum amount of 75.6 ± 3.8 μgIAA mL^--1^ ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). After exposure of *P. mosselii*, *A. chroococcum*, and *S. meliloti* to 62.5--1000 μg mL^--1^ each of Ag-NPs and ZnO-NPs, the IAA production by all bacterial strains decreased in a dose-dependent manner ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)) when grown in a tryptophan (100 μg mL^--1^) amended medium. Among NPs, Ag-NPs were found more toxic than ZnO-NPs for IAA secretion by *P. mosselii* and *A. chroococcum*, whereas ZnO-NPs exerted greater toxicity to *S. meliloti* and hence poor IAA secretion. While comparing the production of IAA at mean test concentration (387.5 μg mL^--1^) of Ag-NPs by three bacterial strains, the *S. meliloti* showed maximum reduction (74%) in IAA secretion followed by *P. mosselii* (63%) and *A. chroococcum* (49%) over control ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). Among all bacterial strains, ZnO-NPs (387.5 μg mL^--1^) were found maximally inhibitory to *A. chroococcum* (72%). Overall, ZnO-NPs showed a maximum inhibitory effect (mean value, 20.3 μg mL^--1^) on IAA production when compared to Ag-NPs (mean value, 24 μg mL^--1^).

###### Production of IAA by Test Bacterial Strains[a](#t3fn1){ref-type="table-fn"}

                    IAA (μg mL^--1^)                                          
  --------- ------- ------------------ ------------------- ------------------ ------
  control   0       75.6 ± 3.87        46.2 ± 2.45         62.5 ± 4.63        61.4
  Ag-NPs    387.5   27.7 ± 11.6 (63)   12.1 ± 7.5 (74)     32 ± 13.2 (49)     24
  ZnO-NPs   387.5   23.1 ± 13.8 (69)   20.7 ± 10.14 (55)   17.2 ± 10.6 (72)   20.3

Values are mean of three independent replicates; values in parenthesis indicate percent reduction in IAA secretion over control.

Assessment of Bacterial Morphology under Ag-NP and ZnO-NP Stress {#sec2.6}
----------------------------------------------------------------

The destructive potential of NPs against bacteria, when viewed under scanning electron microscopy (SEM), was variable ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The surface of bacterial cells grown in the absence of NPs was smooth, while Ag-NPs and ZnO-NPs cells had a large number of gaps, pits, fragmented, and disorganized cell envelopes when grown in the presence of NPs. The surface of treated cells of *B. thuringiensis* appeared corrugated and had some depressions and alteration in length ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E--H). Broken and destructed cells were also observed for *P. mosselii* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}I--L). The compactness of treated cells increased significantly, which did not allow them to grow and divide further. Along with the irregular cellular architecture, single and multiple blisters were also noticed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}J,R). In treated *S. meliloti* cells, larger pits either on one or both cellular facets were noticed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}N,P). The MIC of Ag-NPs and ZnO-NPs induced the protrusion of numerous small bubbles in *A. chroococcum* cells ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}R--T). Additionally, the exposure to NPs caused multiple dent formations and holes in all four bacterial cells envelopes.

![Scanning electron micrographs of (A) *B. thuringiensis*, (B) *P. mosselii*, (C) *S. meliloti*, and (D) *A. chroococcum* strain grown without NPs, *B. thuringiensis* strain grown with 1000 μg mL^--1^ each of (E, F) Ag-NPs and (G, H) ZnO-NPs, *P. mosselii* strain grown with 500 μg mL^--1^ each of (I, J) Ag-NPs and (K, L) ZnO-NPs, *S. meliloti* strain grown with 250 μg mL^--1^ each of (M, N) Ag-NPs and (O, P) ZnO-NPs, and *A. chroococcum* strain grown with 500 μg mL^--1^ each of (Q, R) Ag-NPs and (S, T) ZnO-NPs added to the NB culture medium.](ao9b04084_0010){#fig3}

Atomic Force Microscopy of Bacterial Cultures under NP Stress {#sec2.7}
-------------------------------------------------------------

The damage observed under SEM was supported by AFM data of control and treated cells of *P. mosselii* ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), *S. meliloti* ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), and *A. chroococcum* ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Indeed, the 2D and 3D AFM images of untreated bacterial cells were homogeneous, while a strong heterogeneity was noticed after NP exposure. The NPs displayed distortion on the bacterial surface with varying degrees of surface roughness (panels E--H of [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} to [6](#fig6){ref-type="fig"}). The representative histogram for control, Ag-NP-, and ZnO-NP-treated cells are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}I--K (*P. mosselii*), [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}I--K (*S. meliloti*), and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}I--K (*A. chroococcum*). The mean roughness was 12.6 ± 6 nm for untreated cells of *P. mosselii* and 58 ± 14 and 41 ± 7 nm for Ag-NP- and ZnO-NP-treated *P. mosselii*, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}L). Similarly, the roughness for *S. meliloti* ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}L) and *A. chroococcum* ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}L) increased up to 38 ± 4 and 64 ± 11 nm under Ag-NP exposure, respectively, relative to control (24 and 20 nm). After ZnO-NP exposure, this increase was recorded to be 35 ± 4 and 45 ± 3 nm for *S. meliloti* and *A. chroococcum*, respectively.

![NPs induced morphological damage to the surface of *P. mosselii* measured by (A, C, E, G) two- and (B, D, F, H) three-dimensional AFM. (A--D) Control cells treated with (E, F) 500 μgAg-NPs mL^--1^ and (G, H) 500 μgZnO-NPs mL^--1^. (I--K) Representative histograms of the roughness of (I) control, (J) Ag-NP treatment, and (K) ZnO-NP treatment. (L) Statistical analysis of roughness (nm). The roughness was calculated from 10 cells for each treatment. Asterisks indicate significant difference at *P* \< 0.001.](ao9b04084_0005){#fig4}

![NPs induced morphological damage to the surface of *S. meliloti* measured by (A, C, E, G) two- and (B, D, F, H) three-dimensional AFM. (A--D) Control cells treated with (E, F) 500 μgAg-NPs mL^--1^ and (G, H) 500 μgZnO-NPs mL^--1^. (I--K) Representative histograms of the roughness of (I) control, (J) Ag-NP treatment, and (K) ZnO-NP treatment. (L) Statistical analysis of roughness (nm). The roughness was calculated from 10 cells for each treatment. Asterisks indicate significant difference at *P* \< 0.001.](ao9b04084_0004){#fig5}

![NPs induced morphological damage to the surface of *A. chroococcum* measured by (A, C, E, G) two- and (B, D, F, H) three-dimensional AFM. (A--D) Control cells treated with (E, F) 500 μgAg-NPs mL^--1^ and (G, H) 500 μgZnO-NPs mL^--1^. (I--K) Representative histograms of roughness of (I) control, (J) Ag-NP treatment, and (K) ZnO-NP treatment. (L) Statistical analysis of roughness (nm). The roughness was calculated from 10 cells for each treatment. Asterisks indicate significant difference at \**P* \< 0.05 and \*\**P* \< 0.001.](ao9b04084_0003){#fig6}

Surface Adsorption of NPs and Damage to the Cell Interior by HR-TEM {#sec2.8}
-------------------------------------------------------------------

The cell surfaces of control bacteria were clear of any particle-like structure ([Figure S7A--D](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). On the other hand, when grown with Ag-NPs ([Figure S7E--H](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)) and ZnO-NPs ([Figure S7I--L](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), the cells of *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum* had NPs adsorbed onto their surfaces with small- or large-sized aggregates. Furthermore, the high-resolution transmission electron microscopy (HR-TEM) images of untreated cells showed a normal cell shape with an undamaged structure of the inner membrane and an intact slightly waved outer membrane. The internal cellular structure of untreated cells of *P. mosselii* ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A,B) and *A. chroococcum* ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}E,F) appeared normal with a characteristic multilayered cell envelope consisting of an outer membrane, peptidoglycan layer, and a cytoplasmic membrane. Following the uptake of Ag-NPs and ZnO-NPs, cells of *P. mosselii* and *A. chroococcum* underwent massive transformation and had obvious damage ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C,D,G,H). The cells showed aberrant morphology, cracking, and disruption of the cell envelope. The leakage of the cytoplasmic content from the intracellular environment was apparent and can be clearly seen for *P. mosselii* and *A. chroococcum*. Electron-dense material was also noticed around damaged bacterial cells. Membrane-compromised cells showed localized separation of the cell membrane from the cell wall. The cellular degradation was also accompanied by empty cellular spaces in the cytoplasm.

![NP--bacteria interaction. HR-TEM images of untreated cells of (A) *P. mosselii*, (B) a magnified view of cell envelope, and after interaction with 500 μg mL^--1^ each of (C) Ag-NPs and (D) ZnO-NPs, (E) untreated cells of *A. chroococcum*, (F) a magnified view of the cell envelope, and after interaction with 500 μg mL^--1^ each of (G) Ag-NPs and (H) ZnO-NPs. Red circles show leakage of the cellular content, while arrows indicate cellular damage.](ao9b04084_0002){#fig7}

FTIR Analysis of NP-Treated Bacterial Biomass {#sec2.9}
---------------------------------------------

The Fourier transform infrared spectroscopy (FTIR) data of Ag-NP- and ZnO-NP-loaded dry biomass of *P. mosselii* ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A) and *A. chroococcum* ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B) revealed a significant deviation in the peaks corresponding to various functional groups of the bacterial cell surface. The IR signals in control and NP-treated *P. mosselii* and *A. chroococcum* are shown in [Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf), respectively. Certain alterations were observed in the FTIR spectrum of the NP-treated bacterial cell biomass. Narrowing and shifting of peaks were observed. The electron micrographs, AFM images, and FTIR spectra of untreated and NP-treated biomass of *P. mosselii* and *A. chroococcum* thus clearly confirmed that Ag-NPs and ZnO-NPs had severe inhibitory effects on microbial cells and caused structural damage, leading to disturbances in the biochemical composition of the cells.

![FTIR Spectra of the biomass of (A) *P. mosselii* after 24 h and (B) *A. chroococcum* after 3 days of growth in nutrient broth amended with 500 μg mL^--1^ each of Ag-NPs and ZnO-NPs.](ao9b04084_0009){#fig8}

Impact of NPs on Inner Membrane Permeability {#sec2.10}
--------------------------------------------

The plasma membrane allows bacterial cells to communicate with the surrounding environment and hence selectively facilitates the interfacial transport of molecules. To investigate the toxicity of NPs to the permeability of the membrane, the cells of *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum* were exposed to a fixed concentration (1000 μg mL^--1^) of Ag-NPs and ZnO-NPs ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). The enzyme β-galactosidase (an endoenzyme) is a frequently used stress marker to observe the injuries triggered by stressor molecules. The absorbance of *o*-nitrophenol (reaction product) in untreated cells of *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum* was recorded to be 0.41, 0.32, 0.46, and 0.26, respectively. An increase in the absorbance of *o*-nitrophenol was noticed over control after Ag-NP exposure as 1.53, 1.87, 1.12, and 0.96 and after ZnO-NP exposure as 0.96, 1.24, 0.87, and 1.56 for *B. thuringiensis*, *P. mosselii*, *S. meliloti* and *A. chroococcum*, respectively. The enhanced release of β-galactosidase from the cell interior suggests an increase in cell membrane permeability.

![Extracellular β-glycosidase activity of *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum* exposed to 1000 μg mL^--1^ each of Ag-NPs and ZnO-NPs. Absorbance of *o*-nitrophenol at 420 nm is plotted against NP concentrations. Values are mean of three independent replicates ± SD. Asterisks indicate significant difference at \**P* \< 0.05 and \*\**P* \< 0.001.](ao9b04084_0008){#fig9}

Confocal Laser Scanning Microscopy (CLSM) of Polysaccharide Matrix and Dead Cells {#sec2.11}
---------------------------------------------------------------------------------

Biofilms composing of cells and the glycocalyx matrix were stained by ConA-FITC and propidium iodide (PI). PI stains membrane-compromised cells red whereas ConA-FITC stains surrounding EPS green by binding to mannose residues. Inside the biofilm architecture, dark regions were attributed to water channels or the heterogeneity of the matrix. Overlay CLSM images yielded a yellow color, reflecting that EPS is produced as a capsular component in biofilm. Moreover, the bacteria cells were found encased in a scaffolding network of EPS, which suggests a 3D architecture of biofilms. The micrographs in panel (A) of [Figures S8 to S11](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf) exhibit the biofilm formation in the absence of NPs with a definite architecture. However, in the presence of Ag-NPs and ZnO-NPs, a scanty growth of *B. thuringiensis* ([Figure S8B,C](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), *P. mosselii* ([Figure S9B,C](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), *S. meliloti* ([Figure S10B,C](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), and *A. chroococcum* ([Figure S11B,C](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)) with lesser number of live cells and without a distinct pattern of cell arrangement was observed. The cells also exhibited morphological deformation upon exposure to NPs. Thus, the treatment of biofilms with NPs significantly restricted the colonization of bacterial cells, compared to the massive growth and biofilm formation by untreated cells. The NPs induced cell death and thus reduced EPS matrix around bacterial cells and a disrupted three-dimensional structure of the biofilm. Metabolically inactive cells appeared red against the black background when excited at 532 nm (λ~exc~) due to binding of PI to bacterial DNA. In contrast, untreated cells exhibited none or residual red fluorescence.

*In Situ* Visualization of Surface Adherence under NP Stress {#sec2.12}
------------------------------------------------------------

To check the bacterial establishment, cells were grown *in vitro* with and without Ag-NPs and ZnO-NPs. The ability of test bacteria to adhere onto a solid surface such as polystyrene wells while growing with Ag-NPs and ZnO-NPs was measured using the crystal violet (CV) method and was found inhibited when compared to control ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). The control cells exhibited maximum retentions of CV to be 0.98, 1.15, 0.85, and 1.4 for *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum*, respectively. The absorbance of CV for *B. thuringiensis* ([Figure S12A](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), *P. mosselii* ([Figure S12B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), *S. meliloti* ([Figure S12C](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), and *A. chroococcum* ([Figure S12D](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)) decreased under varying concentrations of Ag-NPs and ZnO-NPs.

![Inhibition of bacterial colonization on the surface of polystyrene wells. (A--D) Micrographs of untreated bacterial cells, (E--H) cells treated with MIC of Ag-NPs, and (I--L) cells treated with MIC of ZnO-NPs.](ao9b04084_0001){#fig10}

Bacterial Growth Curve under NP Stress {#sec2.13}
--------------------------------------

The impact of NPs on the growth behavior of *B. thuringiensis* ([Figure S13A,B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), *P. mosselii* ([Figure S13C,D](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), *S. meliloti* ([Figure S13E,F](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), and *A. chroococcum* ([Figure S13G,H](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)) was variable. All sub-MIC concentrations of NPs delayed the growth of test bacterial strains. The growth curves of bacterial cultures had three phases: lag, exponential, and stationary. However, decline phases as seen under normal growth conditions were not observed. The growth of cells treated with the lowest concentration of NPs was also slightly lower than that of cells in the control group. When cells were exposed to a higher concentration of NPs, the growth of all bacterial strains was abolished.

Generation of Superoxide Anions under NP Stress {#sec2.14}
-----------------------------------------------

The O~2~^·--^ radicals produced by *B. thuringiensis*, *P. mosselii*, *S. meliloti*, and *A. chroococcum* when grown in the presence of 62.5--1000 μg mL^--1^ Ag-NPs and ZnO-NPs reduced the nitro blue tetrazolium (NBT) to formazan, which was assayed spectrophotometrically ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). The production of O~2~^·--^ increased with an increasing concentration of NPs. Among NP concentrations, the Ag-NPs at 125--1000 μg mL^--1^ and ZnO-NPs at 250--1000 μg mL^--1^ were found more effective and induced maximally the production of O~2~^·--^ by all bacterial strains. The data revealed a dose-related increase in O~2~^·--^. While comparing the production of O~2~^·--^ by all bacterial strains ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}), *B. thuringiensis* showed a maximum production of O~2~^·--^ (0.78) when treated with a mean test concentration (387.5 μg mL^--1^) of Ag-NPs, whereas *S. meliloti* at 387.5 μg mL^--1^ ZnO-NPs showed the highest production (0.58) O~2~^·--^.

###### Production of Superoxide Anions by Test Bacterial Strains

                    mean absorbance (λ520 nm)                 
  --------- ------- --------------------------- ------ ------ ------
  control   0       0.21                        0.12   0.23   0.18
  Ag-NPs    387.5   0.78                        0.67   0.54   0.46
  ZnO-NPs   387.5   0.52                        0.51   0.58   0.46

Discussion {#sec3}
==========

Among soil microorganisms, PGPR plays an important role in maintaining soil fertility and consequently crop health.^[@ref33]^ Due to these, understanding the potential impact of NPs on soil microflora that enhances the crop production by supplying essential biomolecules becomes important to assess the overall impact of NPs on agricultural ecosystems. To date, there are limited studies available on the interaction between NPs and beneficial bacteria and related species. Hence, the present study was undertaken to assess the impact of five NPs (ZnO, CuO, Al~2~O~3~, TiO~2~, and Ag) on growth, morphology, and physiological activity of *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti*.

Arrest of bacterial growth was exhibited only by ZnO-NPs and Ag-NPs ([Figures S2 to S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)), whereas the CuO-NPs, Al~2~O~3~-NPs, and TiO~2~-NPs tested at even higher doses (1500--3000 μg mL^--1^) were tolerated by bacterial species. The toxicity of NPs toward bacterial cells depends on bacterial species, metal oxide species,^[@ref34]^ and concentration of NPs.^[@ref35]^ This tolerance behavior could be due to the fact that bacterial cells have evolve some defense mechanisms to protect themselves from harmful stressors, including NPs.^[@ref36]^ In agreement with the present findings, TiO~2~-NPs have shown a negligible shift in the bacterial community composition.^[@ref37]^ The variation in tolerant behavior of bacterial species could be due to (i) structural changes in the cell envelope: the peptidoglycan (PG) and phospholipid component of either Gram-negative or Gram-positive bacterial cells is the first line of defense,^[@ref38]^ which responds to a stress stimulus by one of the following mechanisms: (a) production of alternative extra-cytoplasmic function sigma (σ) factors regulating the expression of genes with unknown or known functions^[@ref39]^ like the biogenesis of lipopolysaccharides (LPS). These σ-factors influence the incorporation of [d]{.smallcaps}-alanine into the polyanionic techoic acids (TAs), which are negatively charged. This in turn reduces the net negative charge on the cell wall of Gram-positive bacteria, thereby reducing the electrostatic attraction of positively charged metal oxide NPs and (b) activation of two component signal transduction system such as the conjugative pilus expression (Cpx) system, which regulates the expression of a wide variety of genes and proteins, for example, the expression of virulence factors like pili/fimbriae factors.

\(ii\) Physiological changes: both Gram-negative and Gram-positive bacteria can accumulate electron-dense granules/particles at the center of the cell. This is nothing but the thicker DNA molecules, and this thickness enables the protection against metal ions.^[@ref40],[@ref41]^ (iii) Efflux pumps: efflux pumps embedded in the bacterial cell membrane can efficiently pump out the toxic metal ions,^[@ref36]^ which are released from NPs.^[@ref42]^ The encoding of this efflux pump is carried out by the plasmid-borne cassettes. (iv) Molecular changes: this includes adaptive/point mutations and plasmids with resistance encoding genes.^[@ref43]^ Apart from the neutral behavior of CuO, Al~2~O~3~, and TiO~2~-NPs in the current study, the TiO~2~-NPs in an earlier study showed enhanced survival of *Bacillus subtilis* by disrupting its autolysis.^[@ref44]^ Molecular analysis revealed two possible routes of TiO~2~-NP-mediated autolysis prevention either directly via attachment of TiO~2~-NP on the cell wall, delaying the collapse of the PMF, and thus autolysis or via adsorption of *B. subtilis* autolysins on TiO~2~-NP, thereby reducing autolysin activity.^[@ref44]^

The reduction in bacterial cell viability ([Figures S2 to S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)) could be due to many reasons: chief among them is the loss of bacterial cell respiration that was assayed using the 2,3,5-triphenyltetrazolium chloride (TTC)-based spectroscopic method ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). TTC in the presence of an electron donor such as NADH and cellular dehydrogenase (e.g., succinate dehydrogenase) forms a red color product triphenyl formazan (TPF), which is an indicator of cellular metabolism.^[@ref28]^ In agreement with the present study, inhibition of bacterial cell respiration using the TTC assay has been reported for four clinical bacterial isolates.^[@ref45]^ Moreover, respiratory inhibition by Ag-NPs in nitrifying bacteria has also been reported,^[@ref46]^ which has been due to the interaction of NPs with components of the bacterial plasma membrane, leading to respiratory inhibition. Furthermore, it has been observed that the NPs cause cellular disintegration and produce oxidative damage.^[@ref20]^ The higher toxicity of Ag-NPs was correlated with a smaller size. In similar experiments, Gambino et al. and Zhang et al. explored the toxicity of NPs on soil bacteria *B. subtilis* and *Azotobacter vinelandii*, respectively.^[@ref20],[@ref47]^ The phytohormone auxin (IAA) is synthesized by many plant beneficial rhizobacteria,^[@ref48],[@ref49]^ which regulates the developmental and physiological processes of plants, including cell division, cell enlargement, phototropism, initiation of root growth, and apical dominance.^[@ref50]^ In this study, Ag-NPs and ZnO-NPs decreased IAA synthesis by *P. mosselii*, *S. meliloti*, and *A. chroococcum* consistently to the extent that it became almost negligible at the highest concentration (1000 μg mL^--1^) of each NP ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). The Ag-NPs were found more toxic than ZnO-NPs for IAA secretion by *P. mosselii* and *A. chroococcum*, whereas ZnO-NPs exerted greater toxicity to IAA secretion by *S. meliloti*. In an experiment, the decline in IAA secretion by symbiotic N~2~ fixing *Bradyrhizobium japonicum* when exposed to varying rates of metals (5--500 μg mL^--1^) has been reported.^[@ref51]^ The reduction in IAA production at higher NP concentrations could possibly be due to slower growth and altered physiological activity of bacterial cells. In line with these results, the growth inhibition and expression profile of selected genes in model nitrogen-metabolizing bacteria exposed to quantum dots (QDs)^[@ref52]^ and Ag-NPs^[@ref53]^ has been reported.

Although the destructive effects of NPs on the structure, composition, and physiological activities of bacteria are well documented, the extent of damage to soil bacteria caused by NPs is rarely explained. Using two sensitive and target-specific microscopic techniques such as SEM^[@ref54]^ and AFM,^[@ref55]^ the variation in morphology of bacterial cells exposed to 1000 μg mL^--1^ Ag-NPs and ZnO-NPs was determined. The NP-treated bacterial cells had a large number of gaps, pits on both cellular facets, fragmented, and disorganized cell envelope over untreated control cells ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Similar morphological disruptions in *A. vinelandii* cells have been seen under SEM when cells were exposed to 100 μg mL^--1^ Ag-NPs.^[@ref20]^ The morphological destruction caused to two beneficial bacteria *Bacillus amyloliquefaciens* and *Pseudomonas fluorescens* while grown with ZnO-NPs has been reported.^[@ref56]^ The destruction of cells by NPs could be attributed to an accumulation of such toxic NPs in the bacterial membrane, which might have altered the membrane potential, eventually leading to cell death. Beside the uptake of NPs, the release of Ag^+^ and Zn^2+^ ions form Ag-NPs and ZnO-NPs in a time-dependent manner; however, a little but may also contribute to the toxic impact of NPs ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). The increased roughness suggested disorganization of the cell wall and correlates with the cell debris due to cellular destruction observed under SEM. Together, these results revealed morphological, mechanical, and physical damage to the bacterial cell wall. The treated cells ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} to [6](#fig6){ref-type="fig"}) displayed distortion on the surface with varying degrees of roughness. The mean value of cell roughness (nm) was higher and statistically significant (*P* \< 0.05) after exposure to NPs over control. Ag-NPs caused a higher degree of roughness compared to ZnO-NPs. This increase in roughness and amorphous mass could be associated with the perforation of the cell wall with the release of the intracellular material and subsequent cell wall deformation.^[@ref57]^ Similar topological change in *B. subtilis* cells exposed to a conjugate of siRNA/Ag-NPs--Qe at 20 μM has been revealed under AFM.^[@ref58]^

HR-TEM analysis of bacterial cells grown in a liquid medium with NPs revealed considerable adsorption of NP aggregates on the cell surface ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)) with a cracked and disrupted cell envelope. The NPs in effect caused an obvious disruptive impact on cellular morphology of test bacterial strains. Similar to our study, TEM micrographs of Ag-NP-treated *A. vinelandii* indicated rough and fuzzy membrane edges with leakage of substances inside the cells.^[@ref20]^ This could be due to the adsorption of Ag-NPs on to the cell membrane surface, which might have disrupted the membrane and wall. A fraction of NPs may even reach the cytoplasm and interact with the other cellular components, causing leakage of cytoplasmic contents.^[@ref20]^ In this study, membrane-compromised cells showed localized separation of the cell membrane from the cell wall accompanied by empty cellular spaces in the cytoplasm. It is clear from the results that NPs of Ag and ZnO anchored the bacterial cell at several locations and caused subsequent damage to the cell envelope, which ultimately resulted in cell lysis. More so, the resulting damaged structure was an empty intact cell envelope devoid of the cytoplasmic content, sometimes called "ghost cells".^[@ref59]^ Indeed, the distortion of the physical structure of the cell could cause the expansion and destabilization of the membrane. It increases membrane fluidity and thus passive permeability and leakage of various vital intracellular constituents. Similarly, disruption with consequent release of intracellular materials from *Staphylococcus aureus* cells leaving behind empty and flaccid cells has been reported.^[@ref57]^ Furthermore, the change in functional groups of bacterial surface proteins and lipids was detected by the FTIR technique ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The shift in peaks (compared to control) could possibly be due to the changes in functional groups present on the bacterial cell surface as a result of interaction with various NPs. Studies have shown that the reaction of sulfur-containing membrane proteins with NPs may lead to inactivation of membrane-bound enzymes and proteins,^[@ref29],[@ref60]^ which in turn increases the passive permeability and facilitates the leakage of vital intracellular constituents.^[@ref57]^

The change in cell membrane permeability was confirmed by PI staining of ([Figures S8 to S11](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). In a dual staining method, the concanavalin-A component of ConA-FITC, which has binding affinity binds to mannose residues of surrounding EPS,^[@ref61]^ indicated bacterial biofilm formation under CLSM analysis. The extracellular release of β-galactosidase indicated damage to inner membrane permeability of bacterial cells ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Conventionally, the untreated control cells did not show any red fluorescence. Mechanistically, the PI dye (a DNA intercalating dye) permeates only through the membranes of dead cells, and hence, the cells become red in color.^[@ref62]^ EPS are polymeric substances synthesized by soil microbes as a protective material to overcome many stressful conditions^[@ref63]^ and also essential for successful adhesion of bacterial cells to plant roots and thus improve plant performance. The toxicity of Ag-NPs and ZnO-NPs was confirmed by inhibition of EPS production by cells of *B. thuringiensis*, *P. moselli*, *S. meliloti*, and *A. chroococcum* and thus their ability to attach to a solid surface ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} and [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). EPS production favors the adsorption of NPs on the bacterial surface and subsequently resulted in enhanced membrane disruption. The results obtained with the double-staining technique revealed that NPs induced cell death and inhibited EPS matrix around bacterial cells, resulting in a disrupted three-dimensional structure of biofilm. This inhibitory effect of NPs on the biofilm could be attributed to the malfunctioning of water channels throughout the biofilm, which are present for nutrient transportation. Additionally, NPs may directly diffuse through the EPS layer and impart antimicrobial action, and due to this, metabolically inactive cells appeared red against the black background. In agreement with our findings, a decrease in EPS production by bacterial cells exposed to Ag-NPs has been reported.^[@ref64]^ A correlation between toxicological data and physicochemical parameters of MONPs revealed that the toxicity increases as the hydration enthalpy becomes less negative and as the conduction band energy approaches those of biomolecules.^[@ref34]^

In the current study, time (0--16 h)- and concentration (125--1000 μg mL^--1^)-dependent growth behavior of test bacterial strains toward Ag-NPs and ZnO-NPs revealed differential growth patterns ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). All concentrations of NPs showed poor bacterial growth, in general, over untreated cells that were found almost negligible at the highest concentration. In a similar study, the growth of *A. vinelandii* was inhibited markedly when exposed to 2--100 mg l^--1^ Ag-NPs for 48 h.^[@ref20]^ Moreover, the generation of reactive oxygen species such as superoxide anions (O~2~^·--^) by NPs has been considered as one of the primary factors causing significant bacterial killing.^[@ref22]^ In our study, the production of superoxide anions detected by the NBT assay increased with increasing concentration (62.5--1000 μg mL^--1^) of Ag-NPs and ZnO-NPs ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). The variation in the production of O~2~^·--^ under NP stress could be due to the difference in architecture and composition of bacterial cells. In a related study, exposure of two bacterial strains to ZnO-NPs has shown an increase of 26--83% in SOD activity, which could be due to the formation of O~2~^·--^.^[@ref65]^ Although all mechanisms of NP interaction with bacterial cells are not well known, NPs can affect multiple target sites of the microbial cells simultaneously such as the cell membrane,^[@ref66]^ enzymes/proteins,^[@ref22]^ lipids,^[@ref67]^ DNA, and plasmids.^[@ref68]^ The antibacterial activity of NPs might also be due to the release of metal ions (Zn^2+^ and Ag^+^) from the NPs (e.g., ZnO and Ag).^[@ref69]^ However, in our case, the release of ions from NPs was too low to exert any significant negative impact ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). Broadly, the bacterial cell suppression/inhibition due to the Ag-NP or ZnO-NP action may involve the following steps: (i) adsorption of NPs on the bacterial surface (wall and membranes) via electrostatic attraction due to the surface potential, (ii) distortion of cell morphology/topography, (iii) uptake of NPs and their release into the periplasm and cytoplasm along with ions due to bacterium-assisted transformation of NPs, (iv) membrane damage due to increased porosity, structural, and functional interruption, (v) leakage of cytoplasmic and nuclear materials, (vi) destruction of cellular respiration, (vii) inhibition of ability to synthesize bioactive molecules like IAA, (viii) generation of intracellular oxidative stress (superoxide anions), which further magnifies the damage to cellular constituents and membranes, (ix) destruction of EPS secreting ability, and (x) eradication of surface adhering potential of bacteria. These mechanisms may act independently or simultaneously. Based on these and according to the results obtained in our study, stepwise and systematic events of NP action on bacterial cells can be summarized as displayed in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}.

![Proposed mechanism of Ag-NP and ZnO-NP toxicity to soil bacteria.](ao9b04084_0007){#fig11}

Conclusions {#sec4}
===========

Four metal oxide NPs (ZnO, CuO, Al~2~O~3~, and TiO~2~) and one metal NP (Ag) were tested against four beneficial bacterial isolates *B. thuringiensis*, *A. chroococcum*, *P. mosselii*, and *S. meliloti*. Among them, Ag-NPs and ZnO-NPs caused extensive damage to all strains; however, bacterial cells showed tolerance toward the NPs of CuO, Al~2~O~3~, and TiO~2~ up to 3000 μg mL^--1^. This could be due to the fact that the toxicity of NPs against bacterial cells depends on bacterial species and composition of NPs. Bacterial cells have also evolved some defense mechanisms to protect themselves from harmful stressors, including NPs. Bacterial respiration and the number of CFU mL^--1^ decreased consistently with an increasing dose rate of Ag-NPs and ZnO-NPs. Attachment of NPs prepared from Ag and ZnO on bacterial cells facilitated their uptake inside the cells, which eventually resulted in cell roughness, morphological destruction, and leakage of the cytoplasmic content coupled with a loss of the IAA producing ability, increased cell membrane permeability, and reduced EPS production. Ag-NPs and ZnO-NPs enhanced superoxide generation, reducing the surface adhering potential of cells and growth kinetics. Conclusively, a plausible mechanism of NP toxicity to beneficial bacteria has been explored. Due to high demands of nanoenabled products in various industries and their unregulated discharge in the environment may affect the useful bacterial population, a holistic approach for the disposal and recycling of nanowaste must be adopted.

Experimental Section {#sec5}
====================

NPs of Ag, CuO, Al~2~O~3~, TiO~2~, and ZnO {#sec5.1}
------------------------------------------

The NPs of CuO, Al~2~O~3~, TiO~2~, and ZnO used in the current study were the same, as described by Ahmed et al.,^[@ref70]^ whereas Ag-NPs were synthesized by a green chemistry method using quercetin dihydrate, as discussed elsewhere.^[@ref71]^ All NPs were well characterized physicochemically, and size, shape, morphology, topography, chemical composition, aqueous behavior, and spectroscopic signals of each NP were determined.^[@ref70],[@ref71]^ The summary of physicochemical characteristics of NPs is given in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf). Impact of the nutrient medium on 1000 μg mL^--1^ concentration of NPs while kept on shaking (150 r/min for 24 h) on the secondary size (measured by DLS) and metal ion release (measured by ICP-MS) from Ag-NPs and ZnO-NPs is given in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf).

Maintenance of Bacterial Cultures {#sec5.2}
---------------------------------

The bacterial strains possessing plant growth-promoting properties such as *A. chroococcum* Beijerinck 1901 (ATCC 9043), *B. thuringiensis* (2095), and *P. mosselii* (2126) were procured from the National Centre for Microbial Resource (NCMR; Pune, India), whereas nodule bacterium *S. meliloti* (NAIMCC-B-00863) was obtained from the culture collection of the National Bureau of Agriculturally Important Microorganisms (NBAIM; Mau, India) ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). Strains of *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti* were maintained on Ashby's mannitol agar, nutrient agar, King's B medium, and yeast extract mannitol agar, respectively.

Sensitivity of Bacterial Strains toward NPs {#sec5.3}
-------------------------------------------

The bacterial strains were checked for their sensitivity/resistance against various concentrations of Ag, ZnO, CuO, Al~2~O~3~, and TiO~2~-NPs. An individual colony of each strain was inoculated in 100 mL of capacity flasks containing 50 mL of culture-specific broth amended with 62.5, 125, 250, 500, 1000, and 1500 μg mL^--1^ of each NPs. The untreated (control) and treated cultures of *B. thuringiensis*, *P. mosselii*, and *S. meliloti* were incubated at 28 °C for 24 h in a shaking incubator (100 r/min), whereas *A. chroococcum* was incubated for 72 h while other growth conditions remained identical. A 0.1 mL bacterial culture was uniformly spread on a semisolid agar medium and allowed to incubate as mentioned above. MIC and MBC were determined. The MIC was defined as the lowest dose of NPs that prevented bacterial growth maximally (99%), whereas the minimum dose of NPs that killed all cells in the broth was considered as MBC. The cell viability was counted as CFU mL^--1^ employing the formula

The number of CFU mL^--1^ was converted to a logarithmic scale (log CFU mL^--1^) and plotted as a function of NP concentration (μg mL^--1^).

Impact of NPs on Inner Membrane Permeability {#sec5.4}
--------------------------------------------

The β-galactosidase (an endoenzyme) activity of bacterial cultures was assayed using *o*-nitrophenyl-β-[d]{.smallcaps}-galactopyranoside (ONPG; HiMedia, India) as a substrate to check the permeability of the inner membrane. For this, bacterial cultures, namely, *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti*, were grown in their respective medium supplemented with 2% lactose. Bacterial cells grown to an exponential level were separated by centrifugation and resuspended in 0.02 M sodium phosphate buffer (pH 7.5) containing NaCl (0.1 M). The cell density was maintained at 10^8-9^ CFU mL^--1^. A 500 μL cell suspension from each treatment was mixed with 1000 μg mL^--1^ Ag-NPs and ZnO-NPs separately and appropriately diluted from the ultrasonicated NP stock. The mixture was incubated at 28 °C with shaking for 4 h at 100 r/min followed by centrifugation. The supernatant was used to measure galactose and *o*-nitrophenol spectrophotometrically at 420 nm.

Measurement of Cellular Respiration under NP Stress {#sec5.5}
---------------------------------------------------

Inhibition of bacterial cellular respiration was determined by the dehydrogenase assay method.^[@ref72]^ In brief, cells of *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti* grown to the early exponential growth phase were harvested at 5000 r/min for 10 min. Cells were resuspended in 1× sterile phosphate buffer saline (PBS; pH 7.0) to achieve an absorbance (λ = 600 nm) of 0.4, and 200 μL of this cell suspensions was then transferred to wells in a 96-well microtiter plate. To each well, Ag-NPs and ZnO-NPs (62.5--1000 μg mL^--1^) were added. Cell suspensions without NPs served as control. Subsequently, 40 μL of the reagent TTC (0.5%, w/v) was added to each well and allowed to incubate at room temperature (RT) for 30 min. After a 30 min incubation, the conversion of colorless solution to red was measured at 450 nm using a microplate reader (Thermo Scientific Multiskan EX, ref 51118170, China).

Morphology and Topography of Bacterial Cells Influenced by NPs {#sec5.6}
--------------------------------------------------------------

The changes in bacterial morphology following exposure to NPs was viewed under SEM. Cells of *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti* were grown in 100 mL of capacity flasks containing a strain-specific nutrient broth to a level of 10^7-8^ CFU mL^--1^. Then, 1000 μg mL^--1^ each of Ag-NPs and ZnO-NPs were added to bacterial cells and further incubated on a rotatory shaker (100 r/min) for 12 h at 28 °C. After incubation, untreated control cells and cells treated with NPs were centrifuged (at 5000 r/min) for 10 min. The pellets were washed thrice with sterile PBS (1×) and fixed with 2.5% glutaraldehyde and 2% paraformaldehyde for 4 h at 4 °C with intermittent vortexing. The cells were successively washed three times with 1× PBS and dehydrated by ethanol gradient (30, 50, 70, 90, and 100%) for 10 min each. The cell biomass was then fixed on a 18 × 18 mm glass coverslip by air drying and sputter-coated with a 2 nm thin layer of gold. The coated samples were visualized under JSM 6510LV SEM at an accelerating voltage of 10 kV. AFM was used to reveal topographical images of the bacterial cell surface. For AFM analysis, bacterial cells grown at the exponential phase were immobilized on a glass cover slip by drying in sterile air and observed under an atomic force microscope (NT-MDT-NTEGRA, Moscow, Russia) and images were processed using the software NT-MDT solver Nova 1.0.26.1424. Morphological damage was evaluated by statistical analysis of surface roughness (nm) from AFM images. Roughness (nm) of bacterial cells was measured after fitting the lines in 1D and subtracting the second- and third-order surfaces. Data from 10 bacterial cells for each concentration were averaged and statistically presented as mean ± SD.

Surface Adsorption and Cellular Destruction {#sec5.7}
-------------------------------------------

The attachment of NPs on the cell surface and cellular damage was detected by employing HR-TEM. Bacterial cultures were grown and treated as described for SEM analysis. After dehydration in ethanol series, specimens were embedded in white resin overnight. Ultrathin sections of specimens measuring nearly 50--70 nm were prepared by ultramicrotomy using a microtome diamond knife. Sections were stained with uranyl acetate (2%; Sigma-Aldrich, USA) followed by counter staining with lead citrate (2%; Sigma-Aldrich, USA). The sections were mounted on carbon-coated Cu grids and examined under Technai HR-TEM (FEI, Electron Optics, USA) at 120 kV.

FTIR Analysis of NP-Treated Bacterial Biomass {#sec5.8}
---------------------------------------------

The biomolecular alterations in cell surface functional groups induced by 500 μg mL^--1^ each of Ag-NPs and ZnO-NPs in *P. mosselii* and *A. chroococcum* were analyzed by FTIR. The bacterial cultures used as model strains were first grown for 48 h at 28 °C and then treated with 500 μg mL^--1^ concentration of each NP. After a 24 h incubation, the biomass prepared from both NP-treated and untreated bacterial strains were analyzed by an FTIR spectrometer. For this, 2.5 mg of biomass dried at 60 °C under vacuum was ground with 75 mg of KBr in an agate mortar. The translucent discs were prepared by putting tons of pressure on the material using a bench press. The prepared discs were scanned in the range of 500--4000 cm^--1^ with a resolution of 4 cm^--1^. The atmospheric H~2~O and CO~2~ were subtracted, and baseline was achieved before each scan.

*In Situ* Visualization of Surface Adherence under NP Stress {#sec5.9}
------------------------------------------------------------

The surface adherence property of *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti* on a glass surface while growing under NP stress was evaluated at MIC of Ag-NPs and ZnO-NPs. Adherence was assayed both qualitatively on glass cover slips and quantitatively in polystyrene microtiter well plates using the crystal violet (CV) staining method. A total of six polystyrene plates were filled with nutrient media amended with MIC concentration of both NPs followed by inoculation with young bacterial cultures (1 × 10^7^ CFU mL^--1^) at a 1% inoculum rate. A glass coverslip in each well was then positioned at an approximate angle of 45°. The plates were incubated at 28 °C for 48 h for *B. thuringiensis*, *P. mosselii*, and *S. meliloti*, while *A. chroococcum* was incubated for 4 days under static conditions. After incubation, growth was removed gently from the wells and bacterial population adhered to glass coverslips were gently rinsed thrice with sterile PBS (1×). Coverslips were stained by 0.1% CV in double-distilled water (DDW), and images were captured by the use of an optical Olympus trinocular microscope (BX60; Japan) equipped with an Exwave HAD color video camera (Sony, Japan). For quantitative analysis, 100 μL of young cultures (1 × 10^7^ CFU mL^--1^) were added to microtiter wells filled with respective nutrient broth. The mixture was then amended with the MIC concentration of Ag-NPs and ZnO-NPs. The bacterial cultures were incubated at 28 °C for appropriate time intervals. Controls were run in parallel. After incubation, wells were evacuated and washed with PBS. Staining with 0.1% crystal violet was performed and allowed to incubate for 30 min at 28 °C. The wells were again washed with PBS (1×), and crystal violet (CV) retained by the bacterial population was solubilized by adding 200 μL of 90% ethanol. The absorbance was recorded at 620 nm using a microplate reader.

Bacterial Growth Curve under NP Stress {#sec5.10}
--------------------------------------

Time- and concentration-dependent effects of Ag-NPs and ZnO-NPs were assessed by growing *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti* in 96-well microtiter plates. Microtiter wells were filled with 200 μL of culture broth supplemented with 125, 250, 500, and 1000 μg mL^--1^ of each NPs. The amended broths were inoculated with bacterial cultures (1 × 10^7^ CFU mL^--1^) at a 1% inoculum rate. The control for each strain without NPs was included. Negative controls containing only NPs were also run, and the absorbance was subtracted from the wells inoculated with bacterial culture to avoid the fluctuations produced by reflectance of incident light by NPs. There were altogether three treatments: (i) bacterial cultures (independently) + individual concentration of each NPs, (ii) only individual bacterial cultures, and (iii) only NPs in broth. All treatments were replicated three times ([Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf)). All plates were incubated at 28 °C overtime, and absorbance was recorded at 620 nm at regular intervals of 4 up to 16 h. Absorbance values of three independent replicates for each concentration was pooled together, and the mean value for each independent concentration and NPs was computed.

Bacterial Cell Death Measured by CLSM {#sec5.11}
-------------------------------------

Fluorescence detection of EPS and cell viability of *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti* were examined under NP stress through CLSM. Bacterial cultures were grown on glass cover slips, as described previously (Section 2.9). Additionally, 5% of sucrose was added to the nutrient broth before growing cells. After 24 h, the coverslips were rinsed gently at least thrice with sterile PBS and staining was performed with 50 μM PI for 10 min at RT while keeping the coverslips in wells. After rinsing with PBS, cells were incubated with 50 μg mL^--1^ concanavalin-A-conjugated fluorescein isothiocyanate (ConA-FITC; Sigma-Aldrich, USA) for 15 min at RT to stain the glycocalyx matrix green. The PI was excited at 535 nm, and the emission was recorded using a CLS microscope. Likewise, the ConA-FITC was excited at 495 nm and emission was recorded at 520 nm. Intact biofilms were examined nondestructively using a Leica TCS SPE, CLSM (Leica Microsystems, Germany) with Leica oil immersion lens.

Generation of Superoxide by Bacterial Cells under NP Stress {#sec5.12}
-----------------------------------------------------------

A quantitative assay was employed to determine the generation of superoxide anions by bacterial cells grown with 62.5--1000 μg mL^--1^ NPs. Cells of *A. chroococcum*, *B. thuringiensis*, *P. mosselii*, and *S. meliloti* grown in respective growth media were separated as described for cellular respiration experiments (Section 2.5). Cell suspensions in PBS (1×) were incubated at 28 °C for 12 h with and without varying concentrations of Ag-NPs and ZnO-NPs. After treatment, NBT was added to cell suspensions maintaining the final concentration of NBT to be 1 mM and incubated for 20 min at RT. The release of super oxide anions (O~2~^·--^) as deposits of blue color formazan was determined by measuring the absorbance of cell suspensions at 520 nm. Data was plotted as a function of NP concentration.

Production of IAA under NP Stress {#sec5.13}
---------------------------------

The production of IAA by bacterial cultures was assessed by the modified method of ref ([@ref73]) In brief, 100 μL of overnight grown *A. chroococcum*, *P. mosselii*, and *S. meliloti* culture was inoculated in LB broth (25 mL) supplemented with 100 μg mL^--1^ tryptophan, and 62.5, 125, 250, 500, and 1000 μg mL^--1^ each of Ag-NPs and ZnO-NPs. The control and treated cells were incubated at 28 °C at 100 r/min shaking. After a 48 h incubation, 2 mL of the culture from control and each treatment was centrifuged at 10,000 r/min for 10 min. The resulting supernatant was mixed with two or three drops of orthophosphoric acid (H~3~PO~4~) and 4 mL of the Salkowsky reagent (2% 0.5 M FeCl~3~ in 35% HClO~4~). Samples were incubated in the dark for 1 h. The IAA in the supernatant was quantified by measuring the absorbance of pink color using a spectrophotometer (λ = 530 nm) against a standard curve of pure IAA.

Statistical Analysis {#sec5.14}
--------------------

Data was analyzed by one-way analysis of variance (ANOVA), and the least significant difference (LSD) was calculated at a 5% probability level. The difference among treatment means was compared using Duncan's multiple range test (DMRT) at a 5% probability level. The data in the figures is represented as mean ± SD (*n* = 3) for each measured parameter.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04084](https://pubs.acs.org/doi/10.1021/acsomega.9b04084?goto=supporting-info).Details of bacterial cultures, FTIR bond assignments, cell viability images, TEM micrographs of bacterial cells with NPs attached to them, CLSM images of dual stained biofilm, growth curves, and NBT staining of bacterial cells ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04084/suppl_file/ao9b04084_si_001.pdf))
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